Tests of transonic compressor cascades require special measuring techniques to determine the inlet flow angle around sonic inlet flow conditions. One of the main requirements for these methods is the ability to adjust the inlet flow angle during the test to a prescribed value. A method has been successfully applied which relies on theoretically determined suction surface velocities. The described method was applied in testing cascades at inlet Mach numbers between M =0.75-1.18. The test results confirmed t o practicability of this method.
ABSTRACT
Tests of transonic compressor cascades require special measuring techniques to determine the inlet flow angle around sonic inlet flow conditions. One of the main requirements for these methods is the ability to adjust the inlet flow angle during the test to a prescribed value. A method has been successfully applied which relies on theoretically determined suction surface velocities. The described method was applied in testing cascades at inlet Mach numbers between M =0.75-1.18. The test results confirmed t o practicability of this method. (Steinert, Eisenberg, Starken 1990 ). The inlet periodicity may be checked either by traversing with a single probe or by mounting several probes in the inlet reference plane, where the inlet velocity is measured by sidewall static taps.
Above inlet Mach numbers of about 0.8, the application of probes becomes critical, and around M t 1.0 probes would destroy the inlet flow quality completely. Unfortunately, in the transonic flow range the inlet flow angle depends on the back pressure, and it is therefore possible to achieve different inlet flow angles at an identical geometric position of the cascade in the wind tunnel. A possible alternative method, measurement of the inlet flow angle and velocity distributions with a laser system, is very time consuming and prohibitive for large test series. In addition, it is nearly impossible to adjust the inlet flow angle in this way to a prescribed value.
Therefore, a new method for the determination of the inlet flow angle of transonic compressor cascades had to be found. The requirements for this method were as follows: -determination of the inlet flow angle in subsonic and low supersonic Mach number range. -continuous indication of the inlet flow angle during the test. -maximum measurement accuracy. Within recent years, a method has been applied successfully which relies partly on calculations. It is an extension of a method described by Weingold and Behlke (1986) to high subsonic and supersonic cascades. In addition to the paper of Weingold and Behlke the analysis of several Mach number distributions of subsonic, supercritical and transonic compressor blade sections, at different inlet flow angles but fixed inlet Mach numbers and at different inlet Mach numbers but fixed inlet flow angles, showed surprisingly linear dependencies of the suction-surface Mach number at fixed surface positions between 5 to 20% of chord. This favourable behaviour led to a simple relation between the inlet Mach number and the suction side Mach number at a certain front surface position. The equation obtained allows the blade to be used as a flow angle probe, for which the "calibration" is a set of blade to blade calculations. These may be inviscid or viscous computations. Before discussing the dependencies which are used to determine the inlet flow angle, a brief description is given of the transonic cascade tunnel and the operating procedures used to obtain reliable data.
Fig
The transonic tunnel of the DLR in Cologne is a closed-loop, continuously running facility which provides an inlet Mach number range from 0.2 to 1.4. It is equipped with a flexible half-symmetrical nozzle and a variable height adjustment for the flat lower floor. Due to this flexibility, the test section can be adjusted to all compressor cascade configurations. Fig.2 shows a schematic drawing of the test section with a cascade installed.
The operation of the tunnel in the subsonic range is described in detail by Steinert, Eisenberg, Starken (1990) .
For operating in the transonic and supersonic range, the upper wall of the test section is slotted and connected to a suction system. The suction enables a continuous transition from subsonic to supersonic flow and even stable test conditions at inlet Mach numbers of 1.0. Additional suction capability is available for side wall boundary layer removal ahead of the test section and through chordwise slotted cascade endwalls within the blade passages.
Compressor cascade tests in the transonic and supersonic inlet Mach number regime require a special throttle device in the downstream area of the blade row. This is necessary because at subsonic choked, supersonic unstarted/choked, and supersonic started cascade flow conditions the back pressure can be varied independently of the upstream flow conditions. In addition, at higher inlet flow angles and unchoked conditions, the back pressure must be controlled to achieve the desired incidence. The necessary throttle system is combined with two tailboards hinged to the trailing edges of the outermost blades. The bottom tailboard consists of a closed box with a slotted surface in which the back pressure is transfered upstream.
As long as the cascade is choked and the inlet flow field is independent of the back pressure, the adjustment of the desired flow conditions is relatively easy. Tests at high positive incidences, however, are rather problematical, because the back pressure must be increased considerably by the throttle system. Consequently, a strong dependency arises between the inlet flow field, the periodicity, and the prescribed back pressure.
COMPARISONS OF MACH NUMBER DISTRIBUTIONS
In Fig.3 , the agreement between measured and predicted surface Mach number distribution of a supercritical blade section is shown, for which the inlet flow angle was measured by probes and the calculation performed by an inviscid code. Differences due to viscous effects are observed generally beyond 30 to 40% of chord on the suction side, and along the pressure side (caused by the suction side). Therefore, a suction sur-
Relative chord, x/c A comparison ofs the measured surface Mach number distribution (Schreiber 1981 ) to a viscous calculation for a transonic cascade is shown in Fig.4 . In this case, the inlet flow angle was measured by a Laser Two Focus system (Schodl 1980) . The Mach number distributions agree quite well on the pressure side and also on the first 30% of chord on the suction side of the blade. For this cascade, the 8.9% position was selected with the corresponding suction surface Mach number, M ss'
INLET FLOW AND SUCTION SURFACE MACH NUMBER
The calculated dependencies between inlet Mach number, inlet flow angle, and suction surface Mach number are described in detail for a supercritical cascade (design inlet Mach number below M =1.0) and a transonic cascade (design inlet Mach number above M 1 = 1.0). A universal relation is derived from these dependencies which can be used to evaluate the inlet flow angle in cascade measurements from subsonic to low supersonic inlet velocity.
Supercritical Cascade
By varying the inlet flow angle of the cascade SKG-FVV2.2 (Steinert, Weber, Starken 1984 and Weber et al. 1987 ) at a fixed inlet Mach number of M 1 =0.85, the predicted surface Mach number distri bution changes as shown in Gradient d13 1 /dM s versus inlet Mach number of a supgrcritical airfoil velocities, the inlet Mach number may be determined from the measured surface Mach number at this chord position because the velocity here is independent from the inlet flow angle. Ahead of this point, the surface Mach number changes linearly with the inlet flow angle. This is plotted in Fig.6 for the 10% chord position and for different inlet Mach numbers. Such a favourable behaviour also exists for the gradient d(3 /dM of these curves, which also varies linarl with M ] up to a certain value, beyond which it Becomes constant (Fig.7) . The latter effect is due to the freezing of the front surface Mach number around sonic conditions, which is well known in single airfoil aerodynamics. It is visible in the surface Mach number distributions of e freezing behaviour of supercritical cascades can be observed very clearly in the example of a high pitch/chord ratio propfan L cascade (Weber, Steinert, Starken 1991) . a Figs.l0a-b show the variation of the predict-E E 1. ed inviscid surface Mach number distributions at different inlet Mach numbers and at two inlet flow angles. At the 16°% chord position LI o and at 13 =125.5 , the flow is frozen above an fO inlet Math number of M 1 =0.82 (Fig.10a) .
By an incidence increase ^f only two degrees,
•" 0 this freezing condition already has started o at an inlet Mach number of M =0.786 (Fig.10b) . +T his freezing behaviour depends obviously on the suction surface Mach number level. The dependency between suction surface Mach number and inlet flow angle, at a fixed inlet Mach number M1=0.9, is shown in Fig.11 . L030-4 . It is quite avidei that near liiear dependencies also exist at supersonic inlet velocities. The gradient dR t/dM remains constant above M 1 >0.97 (Fig.lb) , %ere-as the suction surface Mach number, M , increases again above a certain inlet Mai number which depends on the inlet flow angle (Fig.15) . In order to establish the supersonic dependencies, therefore, only two additional flow field calculations are necessary at constant inlet flow angle. In Fig.15 , experimentally derived data at choked conditions as well as the predicted unique incidence curve are included as lower boundaries.
With the aid of one curve of Fig.15 (determination of M ) at a fixed (3 1 (-p f ) and the dependrff shown in Fig.16 (det;FMiination of d{3 /dM ), an approximate but rapid prediction of th s inlet flow angle is possible again using equation (1). In applying equ. (1) M f and dp /dM are either linear depende?^ Te 8n M 1 or ons ant depending on inviscid prediction 0. Gradient dp 1 /dM versus inlet Mach number of a trag i sonic blade section he method is very useful because it offers the possibility to continuously calculate and observe the inlet flow angle during cascade tests, by measuring only the inlet Mach number and one suction surface Mach number and by specifying the relevant velocity range. The accuracy of this method depends, of course, on the accuracy of the computer code used to establish the calibration curves, but also on the linear approximations and on the determination of M 1 .
VERIFICATION AND APPLICATION
In order to check this method, a small test series has been performed with the propfan cascade at an inlet Mach number of M 1 =0.9. Due to the high pitch-chord ratio of 2.25, only three blades could be installed in the wind tunnel. Laser measurements (L2F) just upstream of the leading edge plane, at three different incidences, resulted in inlet flow angles of p 1 =129.1°, 1 1 =126.5°, and 3-1 =125.0°c ompared to the above described mettfod with values of p =129.1°, 3=l27° and r3 1 =125.5°. The differe!ces betweelh 00 and -v.5° are within the accuracy of the Laser system and probably also within the accuracy of the periodicity adjustment of the experimental flow field. The overall accuracy of the method for cascades with more blades (normally 5 to 8) is therefore considered to be better than + 0.5°.
In order to prove the general validity of the method, ten compressor cascades have been checked theoretically at various geometric as well as flow conditions. All cascades confirmed the near linear dependencies described above.
The described method was then applied in testing two propfan cascades at inlet Mach numbers between M =0.75-1.02 (Weber, Steinert 1989) Measured and predicted surface Mach number of a transonic blade section
For the propfan cascades inviscid calculations were used, whereas for the transonic cascade the inlet flow angle determination was based on viscous calculations. In Fig.17a comparison between measured and calculated profile Mach number distribution is shown for the transonic cascade. The second suction side pressure tap was selected for the local Mach number, M Fig.18 shows the loss datas as functions the inlet Mach cade to be tested. The final measurement accuracy depends on the quality of the computer code and the periodicity of the inlet flow.
The method was applied successfully in testing two propfan and one transonic cascade. The test results confirmed the practicability of the method. In order to check the periodicity of the inlet flow angle during the measurements of the transonic cascade, two additional blades were equipped with a suction surface pressure tap near the leading edge. Thereby it was possible with the present method to predict the flow angles ahead of the three center blades. Additionally the periodicity was checked by a Schlieren system.
In measuring high inlet flow angles with severe separation, the described method can become critical as stated also by Weingold. At the suction peak of the leading edges, the measurements sometimes show higher surface Mach numbers than the theoretical predictions. Therefore, at higher positive incidences additional calculations are helpful for the accurate determination of the inlet flow angle. A comparison of the complete measured surface pressure distribution with a viscous calculation has to be made at these points.
CONCLUSION
A method basically proposed by Weingold and Behlke (1986) has been extended to determine the inlet flow angle of transonic compressor blade sections in cascade tests. The method makes use of calculated surface Mach numbers which showed linear dependencies from inlet Mach number and inlet flow angle.
Therefore, the application requires only a few blade to blade calculations of the cas-
